All cells possess myriad different ion channels, which span their plasma membranes. These proteins are usually made up of four or five subunits, which together form an ion-permeable pore and a selectivity filter. A conformational change in the protein is associated with a gating process, which 'opens' the pore, allowing permeant ions to flow down their electrochemical gradient, thus generating an electrical current. This current changes the voltage across the membrane, and in doing so modifies the gating of other ion channels. These channels may be broadly divided into two groups: voltage-gated channels, such as Na+ and Ca 2 + channels, which incorporate an integral voltage-sensor; and ligand-gated channels, such as nicotinic-acetylcholine and glutamate receptors, in which the conformational change is triggered by binding of a ligand to a receptor. It is the integration of currents through a variety of channels which sets the resting potential of a cell, generates action potentials, triggers exocytosis and mediates synaptic transmission.
Over the last decade or so, the patch-clamp technique has permitted direct measurement of the currents generated by the opening and closing of single channels in small membrane patches, or of the summed currents in large patches or whole cells. Parallel developments in molecular biology have led to the cloning and sequencing of genes encoding a wide range of channel proteins. The combined use of mutant channel proteins, generated by in vitro manipulation of their cloned genes, with patch-clamp recording has proved to be a powerful way of examining the intrinsic molecular determinants f channel gating (providing, for example, the evidence on which the ball-and-chain model for inactivation of the Shaker K + channel is based [1] ).
Not all of the gating properties of an ion channel need be integral to the channel structure -other molecules may be able to modify the gating, for example by entering and blocking the open pore. Such open-channel blocks are usually characterized by their voltage-dependence. As the blocking molecule is usually charged, its movement into the pore towards the blocking site will be influenced by the membrane potential. For example, an internal positively charged ion, such as Mg 2 +, will be attracted into the membrane field by depolarization, and repelled by hyperpolarization (an external Mg 2 + ion would experience the opposite). The result is that the channel's conductance is driven towards zero over a particular voltage range. Thus, the channel passes current preferentially in one direction and hence it is said to be a rectifier. The kinetics of the block are often very fast, and may be observable only as an apparent decrease in the singlechannel conductance. The divalent Mg 2 + ion causes a voltage-dependent block of several ion channels. Intracellular Mg 2 + ions contribute towards the block of inwardly-rectifying K+ channels and some voltage-gated K+ channels [2] . Another well known example is the voltage-dependent block of the N-methyl-D-aspartic acid (NMDA) receptor ion channel by extracellular Mg 2 + [3] . As the efficacy of the block is related to the valence of the blocking ion (and the fraction of the voltage field 'sensed' by the ion at its binding site within the pore), this means that the blocking action of more highly charged molecules will show a steeper voltage-dependence. An obvious constraint is that the molecule must be small enough to pass into the channel to reach the binding site.
It has recently been realized that small, highly charged, aliphatic cations, such as polyamines, might act as channel blockers and thereby account for aspects of channel gating that had previously been assumed to be intrinsic to the channel protein. As their name suggests, polyamines carry multiple positively charged nitrogen moieties. They range in size from the diamine putrescine, to larger molecules such as spermine, which has four positive charges ( Fig. 1 ). These molecules are ubiquitously distributed and present in millimolar concentrations inside cells; most of the molecules, however, are bound by nucleotides, RNA and DNA [4] , so that their free concentrations are in the range of 10-100 }LM.
Interestingly, polyamines of a different class are found in invertebrate venoms; these block a number of different voltage-and ligand-gated ion channels, including Ca channels and glutamate receptors [5] , presumably by a similar mechanism to the endogenous polyamines except that their effects are relatively irreversible. Several reports have now established that endogenous intracellular polyamines cause a voltage-dependent block of both inwardly rectifying K + channels and certain subtypes of glutamate receptor.
What is the evidence that polyamines act as modifiers of channel gating properties? Let us look first at the inwardly rectifying K+ channels. These channels are involved in setting the resting membrane potential of a cell; they permit the inward flow of K + ions, but resist their outward movement. The channels thus stabilize a cell's resting membrane potential close to the K+ equilibrium potential (around -70 mV), without limiting the response to larger depolarizations [2] . Following the cloning and sequencing of a strong inward rectifier, IRK1 [6] , regions of the channel protein were identified that are particularly important for the voltage-dependent block by intracellular Mg 2 + ions and polyamines. Substitution of an aspartate residue (Aspl72) in one of these regions -the M2 membrane-spanning region, part of the putative pore-forming region -reduces the channel's affinity for internal Mg 2+ [7] and dramatically decreases the channel block by spermine [8] . In addition, as polyamines are relatively long molecules with a distributed charge, other local binding sites are likely to be important; for example, a glutamate residue (Glu224) is also concerned with polyamine binding [9] . The contributions of internal Mg 2 + and spermine to the rectification are illustrated in Figure 2a .
Several pieces of evidence suggest that an endogenous cytoplasmic factor is involved in determining the gating properties of inwardly rectifying K + channels [10] . Channel rectification is considerably reduced in excised insideout patches where the cytoplasmic face of the patch is washed clean, but it is restored by application of a cell lysate. Application of micromolar levels of spermine to the internal face of the patch closely reproduced the rectifying block, strongly suggesting that it is the endogenous channel-modifying factor [11, 12] . Although superficially there seems to be a link between the channel's affinity for divalent cations and polyamine-induced rectification, there is evidence for dissociation of these phenomena in another channel family -namely the glutamate receptors.
Voltage-dependent binding of polyamines accounts for the double rectification observed with some glutamatereceptor channels. In the central nervous system (CNS), fast excitatory synaptic transmission is mediated predominantly by a class of glutamate-receptor channels which are permeable to Na + and K+ ions and specifically activated by the glutamate analogue (x-amino-3-hydroxy-5-methyl-4-isoxazole-propionate (AMPA, hence they are referred to as AMPA receptors). Molecular cloning has revealed four AMPA-receptor subunits (GluR-1-4 or GluR-A-D), as well as additional related subunits for which kainate is a specific ligand. Five subunits are thought to assemble to form a functional ion channel. In most cells of the CNS, the mRNA for GluR-B subunits is edited (see [3] ), changing its coding sequence so as to substitute arginine (R) for glutamine (Q) at the Q/R site in the pore-forming region of the channel. This substitution renders the subunits -and any channels which include one or more of them -impermeable to Ca 2 + ions and gives them a linear or outwardly rectifying I/V relationship.
Because GluR-B expression and mRNA editing is ubiquitous, only a few cell types are known to express AMPA receptors with a high Ca 2 + permeability. These include Bergmann glial cells of the cerebellum, y-amino-butyric acid (GABA)-producing interneurons in the hippocampus and neocortex, and some neurons in the auditory brain stem. It is specifically these Ca 2 +-permeable AMPA-receptor channels upon which internal polyamines appear to act. It is interesting to note that extracellular polyamines also modify the gating of another Ca 2 +-permeable glutamate receptor, namely the NMDA receptor; however, their action at this site is complex, involving both positive and negative modulation and including an open-channel block [13] .
The rectification of Ca 2 +-permeable AMPA receptors by polyamines was recently investigated in two elegant studies using both native and recombinant channels [14, 15] . The effect of a polyamine block on these ligand-gated channels is illustrated in Figure 2b . The findings are broadly similar to those made for the inwardly rectifying K+ channels. Excision of inside-out membrane patches into polyamine-free medium changed the rectifying current-voltage relationship into a linear one (similar to that observed for Ca 2 +-impermeable AMPA receptors), while addition of spermine to the intracellular surface restored the rectification. At more positive potentials the outward current increases again, implying that the polyamines may permeate through the channel. Spermine had the most potent, dose-dependent action (with an IC 5 0 in the range of 0.3-1.7 pM), with spermidine being much less effective and putrescine showing little or no rectifying activity. The kinetics of the block are very rapid, with both the block and unblock occurring within 0.5 milliseconds, which is faster than desensitization of these receptors.
How do these observations help us interpret previous data? Firstly, although a double-rectifying I/V relationship has been reported for such native channels or synaptic currents, most groups have observed a linear I/V relationship. Considering the prevalence of GluR-B (which would make Ca 2 +-impermeant channels), one would expect such a result, but given the washout of endogenous polyamines when whole-cell patch methods are used, data from cells (such as in the auditory pathway, see below) where Ca 2 +-permeable AMPA channels are expressed will require evaluation. In addition, we can now interpret the observation that substitution of histidine or asparagine at the Q/R site gives Ca 2 +-permeable but non-rectifying conductances [3] as being due to interruption of the action of polyamines. This seems good evidence for the dissociation of polyamine-induced rectification from divalent-cation binding and/or permeability.
The Ca 2 + permeability of the rectifying AMPA-receptor channels is obviously of physiological relevance given its potential to influence intracellular second messenger pathways. In addition, the rectification induced by polyamines is such that it may have an important secondary effect on action potentials generated by synaptic currents through AMPA-receptor channels. This would be important in pathways using high-frequency, short-duration action potentials, such as the relay nuclei of the auditory pathway and some inhibitory interneurons. Certainly, the excitatory postsynaptic currents mediated by glutamate in the auditory pathway are fast and Ca 2 +-permeable, and predominantly use GluR-D subunits [16] [17] [18] . The currents also show rectification in the presence of internal spermine (M. Barnes-Davies and myself, unpublished observations), which has not been observed previously, presumably because the endogenous polyamines were removed by dialysis.
The polyamine block of such synaptic currents is maximal over a voltage range only achieved during action potentials (-20 to +50 mV; Fig 2b) , so subthreshold synaptic events would generate conventional excitatory postsynaptic potentials (EPSPs) with a significant voltagedependent Ca 2 + influx. For larger EPSPs capable of evoking action potentials, however, the synaptic conductance would be blocked during the peak and repolarizing phase of the action potential. This would allow the voltage-dependent K+ channels to repolarize the membrane potential more quickly, as the instantaneous membrane resistance would no longer be shunted by the synaptic conductance, thus leading to shorter action potentials in cells expressing the Ca 2 +-permeable AMPA receptors.
What are the implications of these results for our understanding of the physiology of the nervous system? The recognition that rectification of inwardly rectifying K + channels is not due to intrinsic gating is a conceptual milestone, and means that the degree of rectification can presumably be modified independently of channel expression, thus allowing polyamines to serve modulatory functions in controlling the resting membrane potential of a cell. So far as the Ca 2 +-permeable AMPA receptors are concerned, their rectification is likely to be of special significance in the binaural auditory pathway, where adaptations to maintain high-frequency synaptic transmission, combined with temporal fidelity are already recognized [17, 19] . Indeed, it is conceivable that it is the rectifying properties, rather than the, Ca 2+ permeability, of these receptors that may be of most functional significance. It is likely that the voltage-dependent blocking action of polyamines extends across several ion channel gene families. The discovery of a physiological function for endogenous polyamines is important, and should stimulate interest in their broader action and pharmacology. Examination of polyamine toxins from spider venoms (see [5] ) is already leading to potent pharmacological tools for separation of Ca 2 + channel subtypes and glutamate receptors, and eventually should lead to the development of novel therapeutic agents.
